INTRODUCTION
============

Homologous recombination (HR) plays an important role in meiosis and DNA damage repair ([@gks769-B1; @gks769-B2; @gks769-B3]). During HR, an incoming single-stranded DNA (ssDNA) molecule bound to recombinase protein molecules, such as RecA, searches for a sequence matched double-stranded DNA (dsDNA) molecule ([@gks769-B4],[@gks769-B5]). Once a sequence-matched dsDNA is found, the incoming ssDNA displaces one of the strands in the dsDNA (outgoing strand) and Watson--Crick pairs with the other strand (complementary strand), yielding heteroduplex dsDNA in site I ([@gks769-B6],[@gks769-B7]) and an unpaired outgoing strand. The crystal structure of the searching state with ssDNA in site I is known ([@gks769-B8]). The final structure of the heteroduplex dsDNA in site I and some residues associated with the final position of the outgoing strand are also known ([@gks769-B8]). [Figure 1](#gks769-F1){ref-type="fig"} illustrates the structure of the heteroduplex in the final post-strand exchange state and the binding sites associated with the final position of the outgoing strand ([@gks769-B9]). The structure of the incoming ssDNA in the searching state is almost identical to the structure of the dsDNA in the final post-strand exchange state. In both cases, the DNA consists of base triplets with nearly B-form spacing, where the base triplets are separated by backbone extensions that are much larger than the equilibrium extension for B-form dsDNA ([@gks769-B8]). This non-uniform spacing results in an average extension along the filament axis of ∼1.5× the B-form extension. Figure 1.Proposed schematics of the strand exchange process. (**A**) Representation of the side view of the X-ray structure of the dsDNA heteroduplex in the final post-strand exchange state with incoming and complementary strands indicated by the cyan and red stick renderings. Orange, cyan and red arrows indicate the positions of the corresponding phosphates on the outgoing, incoming, and complementary strands in the final post-strand exchange structure. The VMD ([@gks769-B9]) renderings of RecA crystal structure 3CMX ([@gks769-B8]) show site II residues Arg226 (pink), Arg243 (yellow) and Lys245 (magenta) with charged nitrogen atoms (blue). The outgoing strand position was calculated by minimizing the energy of the interaction with those residues. The grey arrow points at the red plus sign indicating the proposed position of the corresponding complementary strand phosphate in the proposed intermediate structure. (**B**) Bottom view of the same structure. Circles correspond to the radii occupied by the phosphates. (**C**) Information as in [Figure 1](#gks769-F1){ref-type="fig"}B, but only one set of the corresponding phosphates is shown. Final state phosphate positions for the incoming, complementary, and outgoing strands are shown with filled colored circles. Paired bases shown as lines. The complementary strand position in the proposed intermediate structure is shown by the grey circle. (**D**) Same as [Figure 1](#gks769-F1){ref-type="fig"}B with circles and base pairs added to show radial positions of the corresponding phosphate groups and repositioning of the complementary strand.

An outstanding question has been what drives strand exchange forward given that the Watson--Crick pairing is the same before and after strand exchange, yet the process must be free energetically favorable since it occurs in the absence of hydrolysis. Another outstanding question is whether strand exchange is simply a two-step process in which the Watson--Crick pairing of the complementary strand bases is transferred from the outgoing strand to the incoming strand by base flipping, or whether additional steps occur. Many experiments have probed for additional intermediate states ([@gks769-B10; @gks769-B11; @gks769-B12; @gks769-B13; @gks769-B14]), but the existence, number, nature and roles of intermediate states remain controversial. The existence of an additional step involving a structure other than the known initial and final states might allow strand exchange to result in a significant change in the DNA--protein interaction that could produce the free energy reduction required to drive strand exchange forward.

The X-ray structure of the filament shows that the incoming strand backbone is located ∼1 nm from the center of the helical RecA filament, whereas the binding sites associated with the outgoing strand are ∼2 nm from the center of the RecA filament, as shown in [Figure 1](#gks769-F1){ref-type="fig"}. As a result of this difference in separation from the center of the RecA filament, the total linear extension of the outgoing strand backbone is significantly longer than the total linear extension of the incoming strand. If the base pairs in the outgoing strand are organized in B-form triplets separated by rises, and strand exchange is accomplished by base flipping, then the bases in the outgoing strand must also be arranged in nearly B-form triplets separated by large rises; however, in the rises the linear extension of the outgoing strand backbone must exceed the linear extension of the incoming strand backbone since the outgoing strand is located farther from the center of the RecA protein helix, as shown in [Figure 1](#gks769-F1){ref-type="fig"}. A similar effect appears in a spiral staircase with a hollow center: the railing on the outside of the staircase has a longer linear extension than the railing on the inside, even though the steps connecting them are perpendicular to the axis of the helix. In metal spiral staircases, the longer outer railing simply includes more metal than the inner railing. In contrast, in DNA molecules all three backbones contain the same number of phosphates, and all of the molecules are extended beyond their B-form lengths; therefore, larger extensions can result in larger mechanical stress because the bonds in the more extended backbones are more deformed. For backbones with strong direct interactions with the protein, the protein--DNA interactions may be so free energetically favorable that they more than compensate for stress in the rises; however, if direct DNA--protein interactions are weak, mechanical stress due to large rises may be free energetically unfavorable.

In the final post-strand exchange state, the complementary strand is attached to the RecA--ssDNA filament dominantly via its Watson--Crick pairing with the incoming strand ([@gks769-B8]); therefore, large rises between bases in the incoming strand would place great mechanical stress on the complementary strand bases unless the protein structure provides additional mechanical support for those rises. If the complementary strand is paired with the even more highly extended outgoing strand, then the stress on the complementary strand will be even larger than the stress on the complementary strand paired with the incoming strand. Thus, strand exchange may reduce the stress on the complementary strand bases and the complementary strand backbone, which would reduce the mechanical energy of the system. In sum, strand exchange might be free energetically favorable because it reduces the tension on the complementary strand by transferring the base pair interaction from the very highly extended outgoing strand backbone to the somewhat less extended incoming strand backbone.

Seminal strand exchange models proposed that the transition between the homology searching state and the final strand exchange state could be achieved by flipping the bases in the complementary strand while the positions of all three DNA backbones remained approximately fixed ([@gks769-B4]); however, the X-ray structures show that in the final post-strand exchange state, the separation between the outgoing and complementary strands is too large to allow for Watson--Crick pairing ([Figures 1](#gks769-F1){ref-type="fig"}A--C and 2A). Earlier FRET results had suggested that the complementary strand backbones reposition after the complementary strand base pairing is transferred from the outgoing strand to the incoming strand ([@gks769-B10]). The suggestion that the incoming and outgoing strands do not reposition during strand exchange is sensible since the incoming and outgoing strands are attached strongly through direct contacts between the backbone and the protein ([@gks769-B8]) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1)). Thus, it is reasonable to assume that the complete strand exchange process involves the relocation of the complementary strand backbone from a position where its bases can flip between pairing with the outgoing strand and pairing with the incoming strand to the final post-strand exchange position, known from the X-ray structure. Since changing the position of the complementary strand backbone from the proposed initial position to its known final position requires such a large relocation of the backbone, it is plausible that the time required to relocate the backbone might represent the rate-limiting step in strand exchange. In the final post-strand exchange structure portions of the L1 and L2 loops are located in the rises ([@gks769-B8]). Thus, in the final post-strand exchange state, the protein may provide mechanical support for the rises as well as additional free energetically favorable interactions ([@gks769-B8]), which make the final repositioning of the complementary strand free energetically favorable.

Earlier experiments had suggested that the structure of dsDNA in the final post-strand exchange state is similar to the structure of dsDNA in a RecA filament created by the dsDNA binding to RecA that is free in solution ([@gks769-B15]). If the incoming strand backbone maintains its position throughout strand exchange, then the X-ray structure suggests that the binding of free RecA to dsDNA would occur in a conformation similar to the conformation of the dsDNA in the strand exchange process immediately after the pairing interaction of the complementary strand bases has shifted from the outgoing strand to the incoming strand. If this were true, the binding of free RecA to dsDNA would involve the same complementary strand relocation that occurs during strand exchange after the Watson--Crick pairing of the complementary strand has been transferred from the outgoing strand to the incoming strand. Thus, if free RecA binding is not diffusion limited, then the extension rates due to free RecA binding should be the same as the extension rate due to strand exchange because both would be limited by the time required to relocate the complementary strand backbone.

In this work we investigate the strand exchange process in which the base pairing of the complementary strand is transferred from the outgoing strand to the incoming strand by considering the interaction between RecA--ssDNA filaments and homologous dsDNA held under tension by an external force. Since the dsDNA is homologous to the ssDNA, the Watson--Crick pairing of the complementary strand can be transferred from the outgoing strand to the incoming strand. Thus, we study the possibility that strand exchange is free energetically favorable because it reduces the mechanical stress on the complementary strand bases due to the transfer of Watson--Crick pairing from the highly extended outgoing strand to the less extended incoming strand. Such a reduction would occur if the complementary strand were bound to the RecA filament dominantly through its Watson--Crick pairing since the bases that connect the complementary strand would experience great mechanical stress from either of its pairing partners, which have extensions that greatly exceed the B-form length.

We probe for effects of tension associated with the differential extension of the complementary strand and its Watson--Crick pairing partners by applying force to the ends of homologous dsDNA during strand exchange. If a reduction in the differential extension between the complementary strand and its pairing partners drives strand exchange forward, then using an external force to reduce that differential extension should slow strand exchange. Thus, pulling on the 3′5′-ends of the complementary strand would slow strand exchange because it decreases the differential extension between the complementary strand and its pairing partners, whereas pulling on the 3′5′-ends of the outgoing strand should not affect the strand exchange rate because it does not reduce the differential extension. Finally, we performed experiments where we investigated both the extension rates during strand exchange and during free RecA binding to dsDNA as a function of the force applied to the ends of the dsDNA to determine whether the relocation of the complementary strand could represent the rate-limiting step in strand exchange.

MATERIALS AND METHODS
=====================

Sample preparations
-------------------

Double-stranded λ DNA molecules (New England Biolabs) were modified by hybridizing and ligating biotinylated oligonucleotides yielding 3′3′-labeled dsDNA. Ligation steps were done in the presence of a thermostable DNA Ligase (Ampligase, Epicentre, Madison, WI, USA). The oligonucleotides at both ends included a ssDNA tail \[(dT)~7~--(biotin-dT)~6~\] to allow free rotation of the bonds. After each modification step was completed, the dsDNA sample was washed three times using Amicon YM-100 filters (Millipore, USA) and 70 mM Tris buffer pH 7.6. The final concentration was determined by the absorbance at 260 nm.

The RecA--ssDNA filaments were prepared by mixing 3 µM ssDNA (5 kb) with 1 µM RecA, 1 mM ATPγS and 0.2 µM SSB in RecA buffer (70 mM Tris--HCl, 10 mM MgCl~2~, and 5 mM dithiothreitol, pH 7.6). The ssDNA was previously prepared by amplifying a 5-kb fragment using λ-phage as a template where one of the primers was 5′-phosphorylated, and purified using a Macherey--Nagel kit. The dsDNA PCR fragment was subsequently incubated with λ-exonuclease enzyme (NEB) at 37°C for 30 min, and the resulting ssDNA was further purified using a Qiagen kit.

Experimental conditions and data analysis
-----------------------------------------

For experiments where free RecA binds to dsDNA, an aliquot of dsDNA in RecA buffer, 1 µM RecA (New England Biolabs), 1 mM ATPγS and the beads were placed in a square micro-cell. Initially, a force of ∼70 pN was briefly applied to achieve overstretching. After overstretching, the force was quickly reduced to between 15 and 36 pN. Strand exchange experiments were performed with and without initial overstretching, and the results in both cases were the same. In strand exchange experiments, free RecA was replaced by a 5 µl aliquot of the filament preparation in a 50 µl final volume.

The experiments that presented different concentrations of Mg(II) were done by initially incubating all the reagents in 10 mM Mg(II) and finally diluting to each Mg(II) concentration to allow for the initial binding of the filaments in the homolog region and subsequently following strand exchange at several Mg(II) concentrations.

The temperature of the square capillary was varied from 22 to 37°C using a thermoelectric cooler placed on top of the aluminum mount holding the square capillary. A temperature sensor close to the capillary channel provides feedback for the stabilization loop controlling the thermoelectric cooler.

Experiments were carried out using our magnetic tweezers set up ([@gks769-B16]). Data analysis was performed using scripts custom-written in Matlab ([www.mathworks.com](www.mathworks.com)) as described in our previous work ([@gks769-B17]).

RESULTS
=======

We perform single-molecule experiments to measure the changes in dsDNA extension as a function of time in the presence of either free RecA or RecA--ssDNA filaments ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1)). The total extension of each dsDNA molecule is followed at various constant forces, with values from 15 to 36 pN. Given that the binding of dsDNA to RecA extends the average length of the dsDNA by 0.51 nm per bound base pair triplet, measurements of changes in the dsDNA extension can be used to calculate the binding rate. A detailed description of the algorithms used to determine the binding rates was presented elsewhere ([@gks769-B17]).

For strand exchange experiments, we mix and briefly incubate the RecA--ssDNA filaments with dsDNA at zero force and subsequently apply a constant force to monitor the change in dsDNA extension due to strand exchange. Initial force-induced nucleation is not required for experiments using RecA--ssDNA filaments since these filaments spontaneously pair with homologous dsDNA. In contrast, for the experiments where free RecA binds to dsDNA, nucleation is required before RecA can begin to polymerize along a dsDNA molecule. Since dsDNA in the post-strand exchange complex is bound in site I of RecA, properties of this complex are often probed via measurements of direct binding of free RecA to dsDNA, which is believed to result in dsDNA bound to site I ([@gks769-B15]). Thus, in free RecA-binding experiments nucleation is achieved by briefly applying a force of ∼70 pN to each dsDNA molecule before starting the extension measurement ([@gks769-B17; @gks769-B18; @gks769-B19; @gks769-B20]).

Histograms of the slopes of the extension curves for primary site binding experiments usually show clear periodic peaks corresponding to integer multiples of a characteristic elongation rate ([@gks769-B17]), whereas histograms for the strand exchange experiment usually show one dominant peak that may sometimes be accompanied by a few additional peaks that are integer multiples of the dominant peak ([Figure 3](#gks769-F3){ref-type="fig"}A). In the free RecA experiments the integer multiples may correspond to multiple nucleation sites ([@gks769-B17]).

In the experiments that studied whether or not strand exchange was affected by applying a force to single-stranded tails at the ends of ∼50-kb λ-phage dsDNA molecules during strand exchange ([Figure 3](#gks769-F3){ref-type="fig"}B), we used three different dsDNA constructs and two different ssDNA filaments ([Figure 3](#gks769-F3){ref-type="fig"}C). The sequence of λ-phage is more GC-rich at one end than the other, so the two strands of λ-phage dsDNA can be unambiguously identified by specifying the direction with respect to the GC-rich end (indicated in [Figure 3](#gks769-F3){ref-type="fig"}C by the lavender band). In [Figure 3](#gks769-F3){ref-type="fig"}C, the black dsDNA backbone corresponds to the 5′3′-strand starting from the GC-rich end and the grey dsDNA backbone indicates the 3′5′-strand starting from the GC-rich end. The two ssDNA filaments were prepared from a 5-kb fragment amplified from the GC-rich end of λ-phage. After treatment with λ-exonuclease, ssDNA is obtained. Depending on the strand chosen to interact with the exonuclease, the resulting ssDNA is complementary to either the 5′3′-strand or the 3′5′-([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1)). The filament complementary to the 5′3′-strand is shown in grey, and the filament complementary to the 3′5′-strand is shown in black. These schematics illustrate that pulling on the 3′5′-ends of the complementary strand reduces the differential tension between the complementary and outgoing strands. In contrast, pulling on the 3′3′-ends or pulling on the 3′5′-ends of the outgoing strand does not reduce the differential tension between the complementary and outgoing strands.

[Figure 3](#gks769-F3){ref-type="fig"}B shows the rate at which dsDNA is extended by strand exchange. The solid line indicates the strand exchange rate observed in previous work when no force was applied to the ends of the dsDNA ([@gks769-B21]). The symbols in the figure correspond to results where the dsDNA is pulled along a single backbone, as well as results where dsDNA was pulled from the 3′3′-ends. The blue circles show the results when the force is applied to the outgoing strand, as determined by the filaments shown in grey, whereas the red squares show the results when the force is applied to the complementary strand, as determined by the filaments shown in grey. The red diamond corresponds to the case when the strand pulled is complementary to the RecA--ssDNA black filament ([Figure 3](#gks769-F3){ref-type="fig"}Ciii). Thus, though [Figures 3](#gks769-F3){ref-type="fig"}Ci and 3Ciii both correspond to pulling on the strand that is complementary to the ssDNA in the filament, they represent opposite strands of the dsDNA molecule. Similarly, though [Figures 3](#gks769-F3){ref-type="fig"}Cii and 3Ciii correspond to pulling on the same physical strand of the dsDNA, they correspond, respectively, to the outgoing and complementary strands for the RecA--ssDNA filaments used in each of those experiments. The figure also shows that when pulling on the 3′3′-ends (grey triangles) or pulling on the 3′5′-ends of the outgoing strand, the observed strand exchange rate is the same as the rate that is observed in the absence of force. In contrast, pulling on the 3′5′-ends of the complementary strand significantly reduces the observed strand exchange rate. This result is true whether the filament is complementary to the sequence at the 3′-end (black) or the 5′-end (grey) of the dsDNA.

We conducted these experiments to allow us to discriminate between the following possibilities: ([@gks769-B1]) the results depend on whether the pulled strand was complementary to the RecA--ssDNA filament, ([@gks769-B2]) the results depend on the physical strand being pulled, ([@gks769-B3]) the results depend on the sequence in the filament and ([@gks769-B4]) the results depend on whether the pulled dsDNA end nearest the filament was 3′ or 5′. If ([@gks769-B1]) were true, then cases represented in [Figure 3](#gks769-F3){ref-type="fig"}C(i) and (iii) would be the same, whereas 3C(ii), (iv) and (v) would be different. If ([@gks769-B2]) were true, then 3C(ii) and (iii) would be the same, whereas 3C(i) would be different. If ([@gks769-B3]) were true, then 3C(i) and (ii) would be the same, whereas 3C(iii) would be different. Finally if ([@gks769-B4]) were true, then 3C(ii), (iii), (iv) and (v) would be the same and 3C(i) would be different.

In sum, the results show that the strand exchange rate is reduced if and only if a force between 15 and 36 pN is applied preferentially to the dsDNA that is complementary to the ssDNA in the searching filament. In all other cases, the strand exchange rates are independent of force for forces \<36 pN. At sufficiently low forces, the strand exchange rate for 3′5′ pulling on the complementary strand must return to the rate observed in the absence of force, but forces \<5 pN were inaccessible to us in our experiment because the low dsDNA tension increased the uncertainty in the bead position due to Brownian motion making the extension rate determinations too difficult.

Furthermore, we compared the strand exchange rates and the rates for free RecA binding. The red plus signs and blue × symbols in [Figure 3](#gks769-F3){ref-type="fig"}B show the rate at which dsDNA is extended by the binding of free RecA. The force-independent extension rates for free RecA binding are independent of which strand is being pulled and similar to the force independent extension rates obtained during strand exchange when the 3′3′-ends were pulled, shown as grey triangles. The extension rates observed when pulling on the 3′5′-ends of the outgoing strand are also similar.

In addition, [Figure 4](#gks769-F4){ref-type="fig"}A shows an Arrhenius log plot of the characteristic elongation rates as a function of 1000/Temperature for dsDNA during strand exchange and during free RecA binding. The red circles show new results for free RecA binding to dsDNA under tension in a buffer containing ATPγS. New results for strand exchange obtained while force was applied to the 3′3′-ends of dsDNA molecules in the presence of either ATPγS or a mixture of ATPγS and ADP are shown by the black outlined red triangles and squares, respectively. For comparison, previous strand exchange rates obtained earlier by other groups are also shown in the figure. The line corresponds to the best fit results from earlier bulk experiments in the absence of force ([@gks769-B21]). The rest of the points correspond to single-molecule experiments ([@gks769-B22; @gks769-B23; @gks769-B24]). The grey diamonds show zero force results in a buffer containing ATP or ATPγS ([@gks769-B23]); the grey squares show results in a buffer containing either ATP or ATPγS when ∼20--1000 bp were bound to the filament and a 0.5-pN force was applied to both termini at both ends of the dsDNA ([@gks769-B24]). Finally, the grey triangle corresponds to single-molecule experiments measured in a buffer containing ATP, where the strand exchange rate was determined by measuring the decrease in extension due to the unbinding of heteroduplex dsDNA at the lagging end of the strand exchange window ([@gks769-B22]).

[Figure 4](#gks769-F4){ref-type="fig"}A shows that the strand exchange rates are insensitive to hydrolysis, applied force and the amount of dsDNA bound to the filament. Earlier work has shown that the elongation rate due to the binding of free RecA is insensitive to the applied force, free RecA concentration, hydrolysis and ATP concentration ([@gks769-B17]). Thus, the process or processes that limit the rates must not depend strongly on any of these factors.

We further studied the effect of salt concentration dependence of the rate at which dsDNA is extended by strand exchange and the rate at which dsDNA is extended by the binding of free RecA for the cases where the dsDNA is pulled from the 3′3′-ends ([Figure 4](#gks769-F4){ref-type="fig"}B). Both rates increase as a function of MgCl~2~ concentration. Similar results were obtained at 24°C. These data provide additional support for the contention that the rate-limiting step in strand exchange is the same as the rate-limiting step in the extension of dsDNA due to free RecA binding from solution. Though increasing MgCl~2~ concentration increases the observed extension rate, earlier results have shown that increasing the NaCl concentration decreases the observed extension rate for free RecA binding ([@gks769-B25]) and strand exchange ([@gks769-B26]). Together these results suggest that the characteristic extension rate is not a simple function of Debye screening, but rather depends on details of the interaction between the salts and the RecA--DNA complex.

DISCUSSION
==========

When the dsDNA is in the intermediate state, pairing the complementary strand bases with either the outgoing strand or the incoming strand results in significant tension on the base pairs due to the differential extension of the complementary strand and its pairing partners. One would expect that pulling on the complementary strand would make strand exchange less favorable because it would reduce the free energy advantage gained by strand exchange. In contrast, pulling on the outgoing strand would not make the transition less favorable. Similarly, applying a uniform tension on both strands should not alter the strand exchange rate. Finally, pulling on any set of dsDNA ends should have no effect on the binding of free RecA since that process does not involve strand exchange.

The results shown in [Figure 3](#gks769-F3){ref-type="fig"}B are completely consistent with the proposal that the differential extension between the incoming strand and the outgoing strand drives strand exchange forward when the dsDNA is homologous to the ssDNA in the RecA--ssDNA filament. In particular, [Figure 3](#gks769-F3){ref-type="fig"}B shows that the extension rates due to free RecA binding are independent of force. Similarly, the extension rates due to strand exchange are independent of force, except for the case where a force in excess of 15 pN is applied to the ends of the complementary strand. In that case, the strand exchange rate is significantly reduced. This reduction occurs whether the ssDNA is homologous to the 3′- or the 5′-end. Similarly, the results do not depend on which dsDNA strand was physically pulled, but on whether or not the pulled strand is complementary to the ssDNA filaments used in the experiments. Thus, the consistent differences shown in [Figure 3](#gks769-F3){ref-type="fig"}B must not be the result of some artifact associated with the preparation of the dsDNA construct, or with some peculiarity of one of the two filaments. These results are also consistent with earlier experimental results suggesting that the differential tension between the complementary and outgoing strands drives the unbinding of non-homologous dsDNA in the homology searching state ([@gks769-B16]).

The experimental results shown in [Figure 3](#gks769-F3){ref-type="fig"} suggest that the samples do not contain significant internal nicks; otherwise, the observed results would be independent of the ends to which the force is applied because the nicks would redistribute the stress between the two strands (see ['Supplementary Discussion'](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) section). Similarly, the finite stiffness of the backbone might redistribute the tension between the dsDNA strands so that the tension on both backbones was the same except at short regions near the end of the molecules (see ['Supplementary Discussion'](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) section and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1)). In this case, force-dependent effects would depend only on the terminus pulled at the end nearest the filament since the terminus pulled at the other end would have no effect on the force distribution near the filament. In this case, the situation illustrated in [Figure 3](#gks769-F3){ref-type="fig"}C(ii--v) would produce the same result, whereas 3C(i) would produce a different result. In contrast, the results show that force-dependent effects are not determined by the choice of terminus at the filament end, rather they depend on whether or not the force is applied to both ends of the strand that is complementary to the ssDNA in the filament. Thus, the results show that when the dsDNA is pulled from the 3′3′-ends, the tension on both backbones extends fairly uniformly along the length of the molecule, whereas for 3′5′ pulling the tension over the entire length of the molecule is largely confined to the single backbone being pulled, as illustrated in [Figure 3](#gks769-F3){ref-type="fig"}C.

We propose that the differential extension between the three DNA strands not only drives strand exchange forward for perfect homologs but also plays a vital role in decreasing the probability that partially homologous dsDNA will remain in the post-strand exchange state of the intermediate structure. Theory suggests that the differential extension in the searching state is so large that thermal energy fluctuations are insufficient to bind \>∼15 bp in the searching state, which represents less than one helical turn of the filament ([@gks769-B27]). Thus, the state shown in [Figure 2](#gks769-F2){ref-type="fig"}A will not occur. For perfect homologs, strand exchange reduces the stress on the dsDNA and allows more base pairs to bind, but non-homologs simply unbind. In the intermediate state, the differential extension of the complementary and incoming strands results in a non-linearity in the free energy as a function of the number of bound triplets because the complementary strand backbone physically connects neighboring triplets. The physically connected backbone redistributes stress along all of the base pairs in the filament. As a result, the stress on any given base pair depends on the binding of all of the other base pairs in the filament ([@gks769-B27]); consequently, a mismatched triplet in the strand exchange state is not only unfavorable because of the loss of its Watson--Crick pairing but also unfavorable because the mismatch does not relieve any of the stress on the other bases in the strand exchange state. In contrast, the strand exchange of a sequence-matched triplet reduces the stress on other strand exchanged triplets, which substantially reduces the total free energy of the system ([@gks769-B27]). Thus, in the intermediate strand exchange state the free energy difference between a homologous triplet and a non-homologous triplet can be much larger than the Watson--Crick pairing difference because the strand exchange of matched triplets reduces the stress on other homologous triplets in the intermediate strand exchange state. Figure 2.Illustrations of the RecA--DNA structures. (**A--C**) show the approximate positions of the outgoing (orange), complementary (red) and incoming (cyan) backbones, where the base pairs are located within the shaded regions. (A), (B) and (C) show the searching state, the intermediate post-strand exchange state, and the final post-strand exchange state respectively. (**D--F**) have the same backbone color code as (A). They show a schematic representation of the stress on the base pairs, where purple indicates high stress, lavender indicates moderate stress, and black indicates low stress. (D), (E) and (F) show the searching state, the intermediate post-strand exchange state, and the final post-strand exchange state, respectively. Figure 3.Effect of force applied to different ends of dsDNA λ-phage during strand exchange and free RecA binding. (**A**) Elongation rate histogram for strand exchange in ATPγS at 30°C; peak 1 shows the characteristic rate of 211.8 bp/min (0.60 nm/s) whereas peak 0 corresponds to molecules that were followed but showed no change in extension. (**B**) Extension rates as a function of temperature for different 3′5′- and 3′3′-pulling techniques. Arrhenius plot of single-molecule extension rates as a function of temperature for free RecA binding and strand exchange in ATPγS and 10 mM MgCl~2~ with 3′5′ and 3′3′ pulling techniques. Strand exchange rates in bulk experiments and no external force ([@gks769-B21]) (grey line); free RecA binding while pulling 3′5′ from the complementary strand (red plus signs); free RecA binding while pulling 3′5′ from the outgoing strand (blue × symbols). Strand exchange rate while pulling 3′5′ from the complementary strand (red squares) and while pulling the other 3′5′ strand with the alternative filament complementary to the pulled strand (red diamond). Strand exchange rate while pulling 3′5′ from the outgoing strand (blue circles); strand exchange rate while pulling 3′3′ from the outgoing strand nearest the filament (grey triangle) and strand exchange rate while pulling 3′3′ from the complementary strand nearest the filament (grey upside-down triangle). Error bars: confidence intervals. (**C**) Schematic representation of the effect of force applied to different ends of the dsDNA constructs during strand exchange experiments. (**i**, **ii** and **iii**) dsDNA pulled from 3′5′-ends with stressed and unstressed base pairs shown in magenta and blue, respectively. (**iv** and **v**) dsDNA pulled from the 3′3′-ends with stressed and unstressed base pairs shown in magenta and blue, respectively. The grey and black ssDNA correspond to filaments complementary to opposite strands of the dsDNA. In the representation of strand exchange in the first row, the RecA molecules were omitted for better clarity. The lavender band indicates the GC-rich end in λ-phage dsDNA. The ellipses in the second row indicate RecA monomers with Site I and Site II shown in grey and purple, respectively. The outgoing, complementary, and incoming strands are shown in orange, red and cyan, respectively. The effect of pulling the 3′5′-ends of the complementary strand, 3′5′-ends of the outgoing strand, and 3′3′-ends of the dsDNA is represented. The symbols under each figure correspond to the symbols in [Figure 3](#gks769-F3){ref-type="fig"}B.

A possible sequence of steps in the strand exchange of a perfect homolog is shown in [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1). For sequences \<30 bp, the stress due to the differential extension is distributed across all of the base pair triplets. Under these conditions, the presence of a mismatch in the final state increases the stress in all the other triplets. Thus, the strand exchange of subsequent triplets beyond a mismatched triplet can be quite free energetically unfavorable, even if the subsequent triplet is perfectly sequence-matched to the corresponding triplets in the incoming strand. We note that previous experiments have shown that extending past a mismatch can be unfavorable ([@gks769-B28]).

The discussion above assumed that the base flipping that tests for homology recognition occurs in an intermediate state where the position of the complementary strand differs from its know position in the final post-strand exchange structure. This proposition is supported by the similarity between the dsDNA extension rate due to strand exchange and the dsDNA extension rate due to the binding of free RecA to dsDNA, as we discuss below.

[Figure 4](#gks769-F4){ref-type="fig"}A shows that for a range of temperatures, the dsDNA extension rates due to free RecA binding from solution are the same as the extension rates due to strand exchange, while pulling on the outgoing strand. [Figure 4](#gks769-F4){ref-type="fig"}B shows that the rates as a function of MgCl~2~ concentration are also similar suggesting that the two processes have a common rate-limiting step ([Figure 2](#gks769-F2){ref-type="fig"}B). Given that binding of RecA to dsDNA increases dsDNA extension in both strand exchange and free RecA polymerization along dsDNA, one might suggest that dsDNA extension is the common rate-limiting step; however, we propose that this is unlikely for the following reasons: (i) Earlier measurements that divided the strand exchange process into steps have suggested that the sequence independent dsDNA extension occurs much more rapidly than subsequent sequence dependent steps ([@gks769-B13]). (ii) Each homology search attempt requires extension ([@gks769-B13],[@gks769-B16]), and the measured *in vitro* homology searching rate exceeds ∼50 bp/s ([@gks769-B29]) or 100 bp/s ([@gks769-B30]). (iii) *In vivo,* the search rate must also exceed 100 bp/s in order for the homology search to occur on a biologically relevant timescale. (iv) The observed rates for free RecA binding and strand exchange are both insensitive to force, but theory suggests that if the rate depended on extending the dsDNA ([@gks769-B18],[@gks769-B19]), then the observed extension rates should depend on force, like the force dependence of the nucleation rate for free RecA ([@gks769-B18]). Figure 4.Comparison of the measured dsDNA elongation rates due to strand exchange and the binding of free RecA to dsDNA. (**A**) Arrhenius plot: strand exchange rates in bulk experiments and no external force ([@gks769-B21]) (black line); single-molecule strand exchange rates in ATP or ATPγS: grey diamonds ([@gks769-B23]) and grey squares ([@gks769-B24]); dsDNA release rate at the back of the strand exchange window in ATP: grey triangle ([@gks769-B22]); new results for strand exchange in ATPγS (red triangles), ATPγS--ADP (outlined-red square), and free RecA binding (red circles). Error bars: confidence intervals. (**B**) Extension rates as a function of MgCl~2~ concentration. Log of single-molecule dsDNA extension rates (nm/s) as a function of MgCl~2~ concentration (mM) for both free RecA binding (navy diamonds) and strand exchange (green triangles) in ATPγS at 22°C. MgCl~2~ concentrations varied from 0.1 to 10 mM. The dependence of the rates of free RecA binding on MgCl~2~ concentration is fit by a logarithmic trend-line (black line).

Since transition steps that do not occur in both strand exchange and free RecA binding cannot provide the common rate-limiting step, we can eliminate several processes that might have limited either individual process. Unlike strand exchange, the binding of free RecA from solution does not involve base flipping, homology recognition or repositioning of the outgoing strand. Similarly, unlike free RecA binding, extension of the strand exchange product does not involve free protein diffusion or assembly of protein monomer interfaces from interactions with a free monomer.

Additional support for the contention that the strand exchange rate is not limited by the homology search process is provided by earlier experimental work that studied strand exchange in bulk reactions ([@gks769-B31]). These bulk reaction experiments showed that the process, which limits the strand exchange rate, occurs after the homology searching process is complete where the search process includes the dsDNA binding, extending and the base flipping to test for homology.

Having ruled out all of the possible rate-limiting factors detailed above, we propose that the repositioning of the complementary strand is the rate-limiting step in both free RecA binding and strand exchange. If in free RecA binding experiments one strand of the dsDNA initially binds to the strong contacts in site I while the other strand is pulled toward the positive charges in the direction of site II, then the pull orients the bases. The interaction between the L2 loop and the bases may also position Phe203 in the rise between the triplets in the intermediate state, providing a functional role for Phe203, which does not appear to have a functional role in the initial or final states. The resulting RecA--dsDNA structure would be similar to the post-strand exchange intermediate ([Figure 5](#gks769-F5){ref-type="fig"}A, ['Supplementary Discussion'](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) section, [Supplementary Figures S6](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) and [S7](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1)). If this is true, the repositioning of the complementary strand could be the rate-limiting step for free RecA binding and strand exchange ([Figure 5](#gks769-F5){ref-type="fig"}B). Figure 5.Proposed steps in strand exchange and free RecA binding. (**A**) Schematic of the steps involved in the proposed strand exchange process. Grey areas show regions occupied by the protein, excluding the L2 loop: (**i**) incoming strand (cyan), in the post-strand exchange state. (**ii**) dsDNA outgoing strand (orange circle) bound into Site II; complementary strand (red filled circle) in proposed intermediate position. (**iii**) Complementary strand bases and incoming strand bases rotate in search of homology, where an L2 loop may rotate with the incoming strand. (**iv**) Strand exchanged state that may benefit from an interaction with the L2 loop if the bases are homologous. (**v**) The heteroduplex dsDNA rotates to the final X-ray structure position, possibly accompanied by the L2 loop. (**B**) Schematic of possible steps in the binding of free RecA to dsDNA: (**i**) an additional free RecA binds to the dsDNA in the intermediate state, possibly accompanied by an interaction with the L2 loop. (**ii**) dsDNA (red circle) rotates to the final state shown by the x-ray structure, possibly accompanied by the L2 loop.

In sum, we propose that the final step in strand exchange is the transition from the intermediate state to the final state, which requires the repositioning of the complementary strand. In the final state, the differential extension between the incoming and complementary strands is slightly lower than the differential extension in the intermediate state. In addition, for perfect homologs, interactions with the L1 and L2 loops may provide additional mechanical support for the rises which is absent in the intermediate state (see ['Supplementary Discussion'](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) section, [Supplementary Figures S6](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1), [S7](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) and [S8](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1)). If the linear term in the free energy is favorable for the intermediate post-strand exchange state, but the non-linear term is favorable for the final state because of the reduced stress on the base pairs due dominantly to support from the protein, then the transition from the intermediate state to the final state will not become free energetically favorable until a sufficient number of contiguous homologous bases have undergone strand exchange ([@gks769-B27]). If the required number were less than six triplets or 18 bases ([@gks769-B32]), then the non-linear difference in the free energy due to the differential extension would provide yet another significant enhancement in sequence stringency in comparison with a system that relied only on the Watson--Crick pairing energy of each individual base, since the correct sequence matching of all of the contiguous bases is required to move forward with strand exchange.

In conclusion, we speculate that the intermediate structure represented in [Figure 5](#gks769-F5){ref-type="fig"}A(iv) may play the following roles in homology recognition: (i) The existence of an intermediate structure increases homology stringency because the total probability that the system will make a transition from the initial state to the final state is the product of each of the intermediate transition probabilities ([@gks769-B27]). (ii) If in the intermediate structure, the DNA tension is between the tension in the initial and final states, then dsDNA tension in the searching and intermediate states can be large enough to enforce accurate sequential kinetic proofreading, while the final state tension is low enough that adding dsDNA to site II remains free energetically favorable as long as almost all of the bound base pairs are in the final state and the total number of bound base pairs \<∼80 ([@gks769-B27]). (iii) For homologous triplets, strand exchange is driven forward by the reduction in dsDNA tension that occurs as a result of the differential extension of the backbones. (iv) The extension difference between the complementary strand and its pairing partners amplifies the free energy penalty due to the strand exchange of non-homologous bases so the penalty may be much larger than the Watson--Crick pairing penalty. (v) If incorrectly paired heteroduplex bases cannot stack with minimal free energy, then the transition from the intermediate state to the final state may be more favorable for homologs than for heterologs because homologs have less stress on the base pairs and more amino acid residue interactions. (vi) The free energy penalty for a sequence mismatch may be large enough to make the transition from the intermediate state to the final state so unfavorable that it does not occur before strand exchange spontaneously reverses and the dsDNA unbinds. This may explain why if \<∼21 bp are exchanged, encountering a base pair mismatch allows strand exchange to be fully reversed. In contrast, if \>30 bp are exchanged, strand exchange cannot be reversed ([@gks769-B28],[@gks769-B32; @gks769-B33; @gks769-B34]). A detailed discussion of these points is presented in ['Supplementary Discussion'](http://nar.oxfordjournals.org/cgi/content/full/gks769/DC1) section.

The type of kinetic proofreading system described in the previous paragraph represents a departure from Hopfield's original proposal for kinetic proofreading ([@gks769-B28],[@gks769-B35; @gks769-B36; @gks769-B37]). In that original proposal, heterologs initially unbind faster than homologs, and the system makes a sequence independent irreversible transition to a tightly bound state after a time T. This article, however, considers a system where the initial unbinding rates for homologs and heterologs are the same, but a series of fully reversible sequence dependent intermediate transitions to more tightly bound states provides homology recognition. Thus, this article may provide insights about intermediate structures in the homology recognition--strand exchange process and their possible roles in fully reversible kinetic proofreading. Similar models may apply to other natural systems. Finally, since RecA family protein-based homology recognition is fully reversible it may provide a new paradigm for artificial self-assembly of nanoscale systems.
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